Forum for Electromagnetic Research Methods and Application Technologies (FERMAT) 


Engineering Passive and Active Metamaterial-inspired 


Electrically Small Scattering and Radiating Systems 


Prof. Richard W. Ziolkowski 


University of Technology Sydney, Global Big Data Technologies Centre, Ultimo NSW 2007, Australia 
University of Arizona, Department of Electrical and Computer Engineering, Tucson, AZ 85721, USA 


Abstract: The introduction of metamaterials and metamaterial-inspired structures into the tool 
set of RF engineers and optical physicists has led to a wide variety of advances in discovery 
within research areas treating structures that radiate (e.g., RF antennas) and scatter (e.g., optical 
nano-antennas). The increased awareness of complex media, both naturally occurring and 
artificially constructed, which has been stimulated by the debut of metamaterials, has enabled 
paradigm shifts in terms of our understanding of how devices and systems operate and our 
expectations of their performance characteristics. These shifts include the trends of 
miniaturization, enhanced performance (total radiated power, bandwidth and directivity) and 
multi-functionality. New techniques have been developed that are impacting practical 
realizations. These include dispersion engineering (tailoring material and geometry resonances), 
scattering mitigation (cloaking, active jamming, perfect absorbers), field localization (sensors, 
nonlinearities), and output beam shaping (leaky wave broadside radiators, sub-diffraction limit 
resolution in remote sensing, and highly directive beams for energy transfer and low probability 
of intercept systems). 

A number of advances in the use of metamaterial-inspired constructs to improve the overall 
efficiency, directivity and bandwidth performance of electrically small antennas (ESAs) in 
several frequency regimes and nano-antennas at optical frequencies are reviewed briefly. Several 
metamaterial-inspired designs have been fabricated and tested; these measurement results are in 
very nice agreement with predictions. While initial efforts emphasized simply high overall 
efficiencies without using any external matching networks, more recent resonant near-field 
parasitic (NFRP) designs have also explored the ability to exhibit multi-functional performance, 
higher directivity and enhanced bandwidths in electrically small systems. Multi-functionality is 
achieved by combining multiple NFRP elements. Higher directivity is obtained by augmenting 
the NFRP antenna with structured ground planes (high impedance surfaces or artificial magnetic 
conductors), as well as simultaneously exciting electric and magnetic multipoles (Huygens 
sources). Enhanced bandwidths and loss mitigation are achieved by augmenting the NFRP 
antenna internally with non-Foster (active) elements. While these RF engineering paradigm 
shifts will be reviewed, it will be emphasized that the same concepts have been extended to 
optical nano-structures. Nano-lasers, nano-Huygens structures, active nano-jammers (dark 
states), and nano-amplifiers (bright states), which arise from these considerations and exhibit 
enhanced radiation and scattering performance characteristics, are discussed. 


Keywords: Electrically small antennas, metamaterials, metamaterial-inspired — structures, 
nanoantennas 
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If I can maintain your attention long enough, you will see © 


|. A taste of metamaterial history (my 20+ years) 
2. Electrically small resonators as metamaterials 
3. Metamaterial-based antenna concepts 

4. Metamaterial-inspired antenna engineering 


Electrically Small Near-Field Resonant Parasitic 
(NFRP) Antennas with no Performance Trade-offs 


Single NFRP elements 
Multifunctional NFRP element systems 
Active NFRP element systems 


5. Nanoantenna cousins 
6. The Future 
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LN Inclusions in a host material to tailor — by design - its properties 
— n JC Bose, 1893 
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New Program Kickoff 
Valerie Browning 


(Roger Walser) 
Meta-materials 
November 1999 





What was new? 
The join of positive and negative material properties achieved 
unexpected physics and offered new engineering opportunities 
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кн 1 Metamaterials ( MI'Ms ) have exotic properties 
AN * that may have a high impact on a wide variety of practical applications 
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“ж M My Metamaterial Journey Began with FDTD Absorbing Boundary Conditions 
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Can one design a material to achieve a PML? 


Uniaxial medium based on novel material models 
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Designed materials to achieve interesting outcomes 
F. Auzanneau and R. W. Ziolkowski = AZ 
Any frequency Qo 
Any angle of incidence k 


ow M How does one create an EM Metamaterial ?? 
AV Insert a set of designed electrically small scatterers / antennas into a substrate 
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Figure 2. Left bianisotropic molecule. 
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Figure 3. Transmission matrix concept. 
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Figure 7. Polarization transforming molecule. 


Interesting predictions have led to validated outcomes 





Basic idea has become bulk metamaterials 


or metasurfaces (transmit arrays) 
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P. Alitalo, O. Luukkonen, and S. Tretyakov 
Chiral particles and transmission-line networks 
for cloaking applications 
Phys. Lett. A, 2008 


Lumped element-based DNG metamaterial designs 
and experiments have achieved very small unit cells 
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Lumped element-based DNG metamaterial designs 
and experiments have achieved very small unit cells 
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Complete NIM slab ( - 900 Unit Cells ) 


— Lumped element-based DNG metamaterial designs 
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There has been a strong push of metamaterial designs 
from RF to THz to Optical frequencies 
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Costas Soukoulis and Martin Wegener, Nature Photonics, 17 July, 2011 


There has been a strong push of metamaterial designs 
from RF to THz to Optical frequencies 
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Costas Soukoulis and Martin Wegener, Nature Photonics, 17 July, 2011 


There has been a strong push of metamaterial designs 
from RF to THz to Optical frequencies 
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Key: New Fabrication Technologies 








Costas Soukoulis and Martin Wegener, Nature Photonics, 17 July, 2011 


Juxtaposition of positive and negative materials 
leads to the possibility of electrically small systems 
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Analytical Solutions Demonstrate the Existence of 
Electrically Small Radiating and Reciprocal Scattering Systems 
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тте T Analytical Solutions Demonstrate the Existence of 
Electrically Small Radiating and Reciprocal Scattering Systems 
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e We found that the location of the dipole is not a critical issue 
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S. Arslanagić, R. W. Ziolkowski, and O. Breinbjerg, “Radiation properties of an electric Hertzian dipole located near-by 
concentric metamaterial spheres" Radio Science, 42, RS6816, doi:10.1029/2007RS003663, November 2007 


| Efficient Electrically small Antennas: 
AEN Near-field resonant parasitic (NFRP) paradigm 





Center-fed dipole - Small 
ENG shell Dipole 
Antenna | 
Capacitor 





_ L 
~ [ 


R. W. Ziolkowski and A. Erentok, 
“Metamaterial-based efficient electrically 
small antennas,” 
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Efficient Electrically small Antennas: 
Near-field resonant parasitic (NFRP) paradigm 
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R. W. Ziolkowski and A. Erentok, 
* Metamaterial-based efficient electrically 
small antennas," 
IEEE Trans. Antennas Propagat., 
vol. 54, pp. 2113-2130, July 2006 
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Efficient Electrically small Antennas: 
Near-field resonant parasitic (NFRP) paradigm 
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All the basic MTM-engineered NFRP antennas 
have been built and successfully tested © 
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Introducing several NFRP elements, 
multi-functional electrically small antennas can be realized 





Electrically small planar dual-band P. Jin and R. W. Ziolkowski, *Multi-frequency, linear and circular 


GPS L1 / Global Star antenna polarized, metamaterial-inspired, near-field resonant parasitic antennas," 
IEEE Trans AP, vol. 59, 1446-1459, May 2011 


Dual-band 
GPS L1 & L2 
CP Realization 





Four resonators 
2 pairs 
Two resonators 90 ? phase difference 
Size: 1 in x 1 in 
25.4 mm x 25.4 mm 
a = 17.96 mm P. Jin, C.-C. Lin and R. W. Ziolkowski, 


“Multifunctional, electrically small, conformal 
OE at 1.57542 GHz: ~71% near-field resonant parasitic antennas,” 


OE at 1.615 GHz: ~71% IEEE Antennas Wireless Propag. Lett., 
vol. 11, pp. 200-204, 2012 





£E UA-Ajou University, Korea Collaboration, Prof. Ikmo Park 


PRX M Multi-band, CP, Directive, Efficient, Wide angle 
ғ, GPS L1, L2, L3, L4 , L5 antenna 














*— — — Ly 


L1 (1.57542 GHz) 
L2 (1.2276 GHz) 
L3 (1.38105 GHz) 


LA (1.379913 GHz) | 
L5 (1.17645 GHz) 


160 x 160 mn? top 
120 x 120 mm bottom 








Ly4 —— — 
Wp2 Wb3 $5 | 













$; 2 












«— — — Lp? 


40 mm height 










Substrate 







H Air gap Coaxial line 





SMA Inverted pyramidal cavity 


ô resonators > 86 % RE 


with overlaps to . ‚ 
соуег 10 гевопапсе$ > 7.5 dBic gain 


Axial ratio (dB) 
P 


S. X. Ta, H. Choo, I. Park, and R. W. Ziolkowski 
IEEE Trans. Antennas and Propagation 0 i5 id i6 18 
vol. 61, no. 11, pp. 5771-5775, Nov. 2013 Frequency (GHz) 


ux Filtennas: Radiating Structure Combined with Filters 


Ш S 


inet? 











T I ——— 
— Simulation 
=- ‘Measurement 











VSWR 
Ф 


























З 4 ‘ 9 10 11 
UWB antenna with 
de three stop-bands 
+ — Simulation 
T -Measurement 
8-1 
$ : 
6-44 | 
c Ж 
> Mi ^ 
o A Ifi n 
> 7 wwe 
ar TT 
2r қ i ' етш E 
О 1 1 | L 1 L 1 J 
3 4 5 6 Ў 8 9 10 11 
Frequency (GHz) 


C.-C. Lin, P. Jin, and R. W. Ziolkowski, 
IEEE Trans. Antennas Propag., 
vol. 60, pp. 102-109, Jan. 2012 





d 
FRE. 


| e Back view 
X я 
Ground Substrate 
= = Simulation 
Measurement] 
5 2.5 
: а а II. uada 


























5 Х 25 ө 
ри 5а Flat gain 
a 
16 о 
= 75 ® 
@ ш 2-2 and pattern 
= 35 VE 
E 12.5 5 eye 
Š s stability over 
36 “2 
40 17.5 © e 
" ed operating band 
-50 “22.5 
-55 -25.0 
uU 4 ad эй И 725 ЯЖ A 97 98 
Frequency (GHz) 
; P — Simulation | " 
0- 330 > -— Measurement 330 
-10 - е . -10- ; 
300 | 4 60 | 300 = 
20. / \ -20 - 
f \ 
(dB) -30 -270 | 90 -30-270 | 90 
| | |, WCross-pol. 
2. V { 201 \ 
1 240 ` 5 120 | 240 120 
10 10 
\ 
| X | 
o | E-plane 210 ™ o H-plane 210 








180 180 


M.-C. Tang, Y. Chen, and R. W. Ziolkowski, IEEE TAP, Aug 2016 





Metamaterials: Physics and Engineering Explorations 
Nader Engheta and Richard W. Ziolkowski 
IEEE-Wiley 2006 


TE Eg. 


AARET 
rv. 
ASTE 


Ehrenberg, Sarma, and Wu 
J. Appl. Phys. 112, 073114 (2012) 
X-band, light weight, low-loss 


concave (DNG) focusing lens 





(b) 40mm 





NFRP antenna can be matched to arbitrary load 
Can introduce circuits into antenna system for additional functionality 
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Traditionally there have been conflicting requirements with 
Electrically Small Antennas that demanded trade-offs in their designs 
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Physical Bounds — How does one engineer around them ?? 


Introduce active elements 
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Dispersion Engineering provides a means to recover bandwidth advantages 
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Dispersion Engineering provides a means to recover bandwidth advantages 
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R. W. Ziolkowski and A. Erentok, JET Microwaves, Antennas Propag., vol. 1, pp. 116-128, February 2007 


Dispersion Engineering provides a means to recover bandwidth advantages 
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Methods to Overcome 
Fundamental Bandwidth Limits 





* Active non-Foster element (negative impedance converter - NIC) 
First introduced by Linvill in 1953; the resistance, capacitance, and/or inductance are 
decreasing with increasing frequency. 


* Non-Foster (NF) matching networks: 





Traditional: external NF matching networks | Our method: internal NF matching element 


S. E. Sussman-Fort and R. M. Rudish, 


IEEE Trans. Antennas Propag., Aug. 2009. P. Jin and R. W. Ziolkowski, 
IEEE Trans. Antennas Propag., Feb. 2010 
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IEEE Antennas Wireless Propag. Lett., Dec. 2011 
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We have been investigating several aspects of 
NIC-augmented electrically small antennas 
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How to properly optimize the NIC 
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Internal non-Foster elements to overcome 
fundamental bandwidth limitations 
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A resonant printed 
monopole antenna with an 
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matching network 
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High directivity from a small antenna is possible — in theory 
BUT Super-directivity is an ILL-POSED PROBLEM 





Superposition of a large number, N, of higher order modes leads to super-directivity 
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This type of bound is also appropriate for scattering configurations 
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Physical Bounds — How does one engineer around them ?? 





SIZE MATTERS: Gain vs Effective Area of Antenna 





Electrically Small Dipole 


G = 1.5 (1.76 dB) More Directivity 


Introduce Zero-Index Superstrates, AMCs, Huygens Sources 





The metamaterial-based systems are not electrically small. 
Can one obtain an ESA with more than a dipole directivity? 
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ГЭ i) We have achieved higher directivity with several techniques 
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Zero-Index Superstrates 


Artificial Magnetic Conductors 
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Zero-n superstrate leads to enhanced antenna gain 
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12.8 dBi, a 7.8 dBi gain enhancement at 10 GHz 


Electrically small Quasi- Yagi-Uda Antenna 
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Review: Creating a Huygens source with 
an electric and a magnetic dipole 
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An ultimate goal has been achieved: an antenna that overcomes 
the usual tradeoffs associated with electrically small antennas 
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Combined L-NIC augmented EAD with the C-NIC augmented NFRP disc 
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An efficient, broad bandwidth, high directivity, electrically small antenna 
R. W. Ziolkowski, M.-C. Tang, N. Zhu 





Microwave and Optical Technology Letters, vol. 55, pp. 1430, June 2013 
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Combined L-NIC augmented EAD with the C-NIC augmented NFRP disc 


СЫ Previous results have not been low profile 
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Can a Huygens source antenna be electrically small and very low profile?? 
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page 1 Can a Huygens source antenna be 
electrically small AND very low profile?? 





Combine low profile electric and magnetic NFRP antennas: 
Very Low Profile Broadside Radiating, Electrically Small Antenna 
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R. W. Ziolkowski, *Low profile, broadside radiating, electrically small Huygens source antennas," 
IEEE Access, vol. 3, pp. 2644-2651, Dec. 2015 
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Є Ж M Realized Low Profile Electrically Small Broadside Radiating Huygens Antenna 
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M.-C. Tang, H. Wang, and R. W. Ziolkowski, “Design and testing of simple, 
electrically small, low-profile, Huygens source antennas with broadside radiation 
performance,” accepted IEEE Trans. Antennas Propag., Sep. 2016 
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We have successfully designed a non-Foster version 
to provide more bandwidth (10 x passive) 
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M.-C. Tang, T. Shi, and R. W. Ziolkowski, *Electrically small, broadside radiating Huygens source antenna augmented 
with internal non-Foster elements to increase its bandwidth," AWPL, Aug. 2016, 10.1109/LAWP.2016.2600525 


We have succeeded in obtaining the same MTM-inspired properties at 
optical frequencies with core-shell geometries: passive and active nanoantennas 
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Scattering Analysis of Asymmetric Metamaterial Resonators by the Riemann-Hilbert Approach 
Piotr M. Kamiński, RWZ, and S. Arslanagić 
Piotr was a finalist for the recent URSI EMTS Student Paper Contest © 
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Can we combine the Huygens source concepts, basic antenna theory, 
and our active CNP experiences to achieve a Huygens source nanolaser ?? 


Can the BALANCED electric and magnetic dipoles responses be 
enhanced by the same gain constant at the same optical frequency? 
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Design of a Huygens source nanoparticle laser," Phys. Rev. Applied, vol. 1, 044002, May 2014. 


MTM Engineering of Electrically Small Antennas 
Achieving efficient, broad bandwidth and high directivity 





Material-based, efficient ESAs 


Material-inspired, efficient ESAs 


Multi-functional Larger bandwidths 
Multi-frequency Multiple Non-Foster 
resonances 
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High Directivity 





MTM Engineering of Electrically Small Antennas 
Achieving efficient, broad bandwidth and high directivity 
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Material-inspired, efficient ESAs 
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Back to the Future: Multi-physics 


Current State-of-the-Art of 
Metamaterials 





Metamaterial-inspired Structures 
with 
Mixed excitations, Mixed control 
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AEN for controlled scattering responses 
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Fig. 11. Phase shifter circuit. 





with Applications 


Fabrice Auzanneau and Richard W. ZiolkowsR® 





Curve Shaper Molecule Fig. 12. Phase-shifter circuit in an electric molecule. 
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Fig. 14. Curve-shaper circuit. Approximation by п linear segments. Fig. 13. Phase shifter circuit is inserted into a dielectric Lorentz model. 

Comparison of the relative permittivity «e, with and without the PS circuit 

enhancement. 
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Concept of the active magnetic (top) and electric (bottom) cell 


Zero loss magnetic metamaterials 
using powered active unit cells 
Y. Yuan, B.-I. Popa, and S. A. Cummer 
Opt. Express, 2009 





- Artificial Materials have had a huge impact on society 
ғ \ Putting different materials together to get different structural properties 





Bronze Age 


Bronze - copper - tin 





Tools / Weapons / Cooking 


Artificial Materials have had a huge impact on society 








Steel = iron + carbon 


: Artificial Materials have had a huge impact on society 
г A \ Putting different materials together to get different structural properties 





Composite Age 


Carbon Reinforced Plastics 





Fulbright Work at DSTO-Fisherman's Bend: 








үле The electrically small CFRP-based antenna works as predicted 
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Measured nearly 
complete matching 
to the 50 €) source 











ns is 0.4 0.45 0.5 
T. C. Baum, K. J. Nicholson, A. Galehdar, K. Ghorbani, and R. W. Ziolkowski 
Multi-functional composite metamaterial-inspired EEAD antenna for structural applications 


International Workshop on Antenna Technology, iWAT 2016 








Integrate communications, sensors, wireless power transfer (WPT) ... into 
UAVs and other transportation platforms 





WP I-powered 
surveillance UAV could 
be kept aloft indefinitely 
Micro UAVs ( unmanned aerial vehicles ) without batteries 


WPT: 

No battery — fly longer 
Smaller antenna: 

Carry other things 





| think our antenna would look awesome 
integrated into this platform & 
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RMIT University 
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T. C. Baum, K. J. Nicholson, R. W. Ziolkowski and K. Ghorbani 
Embroidered active microwave aerospace composite pre-pregs 
electronics — » to appear in IEEE Trans. MTT, 2016 
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Metamaterials Are a Technology 
Commercially and Militarily 








Metamaterials 


Metamaterials-Inspired Antennas and Nano-Antennas 


I remain 
Doubly Positive © 
about 


MTM-inspired Structures 
and 
Their Applications to Antenna and Propagation Technologies 





/7 Companies ARE using our meta-structures 


© New Ways of thinking about old problems !! 


& Additional frequency regimes to explore 
mmW, THz, IR, optical 
> Integration with other physical waves: 


EM-Phononics, EM-Thermionics, .... 


Allison Kipple: Composite over 1 year of sunsets over the 
San Francisco Volcanic Field - Northern Arizona, U.S.A. 
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